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ABSTRACT 
Recent flooding in the Atlanta metro area in Georgia, USA in September 2009 
resulted in extensive damage to numerous bridges due to overtopping which caused 
abutment scour and failure of the approach embankment in some instances. At 
several locations, the 500-year flood level was exceeded. A laboratory study was 
conducted to compare characteristics of abutment scour for free-surface flow, 
submerged orifice flow and overtopping flow cases. Detailed bed scour contours 
under and downstream of the bridge as well as velocity distributions were measured 
for a model bridge with a set-back abutment in the floodplain of a compound channel. 
The channel bathymetry and bridge geometry were based on a typical bridge in the 
Piedmont region of Georgia. The embankment was constructed of an erodible core 
covered with rock riprap protection. Results showed that maximum abutment scour is 
a combination of local turbulence and flow contraction effects and has different 
magnitudes depending on the flow types (free-surface, submerged orifice, and 
overtopping) that produce unique flow fields through the bridge in the vicinity of the 
abutment. 
INTRODUCTION 
Failure of bridges due to bridge foundation scour during floods has been well 
documented (Parol a et al. 1998, Richardson and Davis 2001 , Morris and Pagan-Ortiz 
1999). In many cases, the cause of failure has been classified as abutment scour 
although there is no clear agreement on its definition. In current scour prediction 
methodology as recommended by the report HEC-18 (Richardson and Davis 200 I), 
abutment scour is treated as local scour near the abutment while contraction scour is 
considered to be scour that occurs across the entire cross-section, and the two 
estimates of maximum scour depth are added to obtain an estimate of total scour at 
the abutment. In contrast, laboratory studies by Sturm (1999, 2006), Ettema et al. 
(2006), and Ettema et al. (2008) on long abutments terminating on the floodplain of 
compound channels, for example, have predicted abutment scour depth as a 
multiplying factor times the idealized contraction scour depth as suggested by 
Laursen (1963), but all of these studies have focused on the case of free-surface flow. 
The latter studies by Ettema et al. are unique in that they include an erodible 
embankment instead of a fixed embankment that is more representative of a 
sheet-pile or riprap-protected abutment. Further confusing the issue of the definition 
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of abutment scour is that extreme hydrologic events of the order of the SOO-year or 
larger event can often result in submerged orifice flow, or embankment and bridge 
overtopping flow in combination with submerged orifice flow. Submergence of the 
upstream face of the bridge produces vertical flow contraction in addition to existing 
lateral flow contraction caused by the embankment on the floodplain . The result is a 
complex flow field in the vicinity of the abutment that results in a scour bathymetry 
having characteristics of vertical and lateral flow contraction in combination with 
local turbulence effects associated with the horseshoe vortex and a separated shear 
zone near the face of the abutment. 
Occurrences of floods of extreme magnitude may seem to be so rare as to 
obviate the necessity of analysis but in 1994 (Tropical Storm Alberto) and again in 
2009, such extreme floods occurred in Georgia resulting in widespread damage and 
closure of bridges as well as loss of life. A typical embankment failure due to bridge 
overtopping during flooding in September of 2009 is shown in Figure 1. This flood 
event resulted from precipitation in the Atlanta metro area that exceeded the 
SOO-year recurrence interval (personal communication, Mark Landers, USGS). Flow 
coming from the left floodplain as well as overtopping of the bridge severely eroded 
the left embankment, exposed the abutment and resulted in the approach span to the 
bridge deck falling into the stream. 
Figure 1. Example of abutment failure due to bridge overtopping 
Given that embankment overtopping can and does occur, and may even be 
allowed to occur if the abutment structure itself is designed to withstand failure, this 
study is a preliminary consideration of the types of scour that are present in such 
instances. For this purpose, a model of a typical bridge in the Georgia Piedmont with 
an embankment terminating on the floodplain is used to investigate different modes 
of scour in free-surface, submerged orifice, and overtopping flows . Previously, this 
model was used to develop a laboratory modeling strategy for scour verified by 
comparisons with field measurements of scour during an historic flood associated 
with Tropical Storm Alberto (Hong and Sturm 2009) . 
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EXPERIMENTAL INVESTIGATION 
The bridge chosen to be modeled in this study is located near Macon, Georgia 
on the Towaliga River, which is a tributary of the Ocmulgee River. The bridge 
crosses between two bluffs with a solid rock outcropping forming the steep right bank 
just downstream of the bridge while a floodplain exists on the left side of the river. 
The drainage area of the river at the bridge is 816 km2 Discharge was estimated as 
1700 m3/s by the U. S. Geological Survey for Tropical Storm Alberto (Stamey 1996). 
A model of the SR 42 bridge and the Towaliga River bathymetry was built in the 
Georgia Tech Hydraulics Laboratory at a scale of I :60 as shown in Figure 2. 
Velocities and scour depths were measured in order to compare three types of flow: 
free-surface flow, submerged orifice flow and overtopping flow. 
Figure 2. Laboratory model of Towaliga River bridge 
The physical model of the Towaliga River Bridge was built inside a 4.2 m 
wide by 24.2 m long horizontal flume. The approach channel upstream of the bridge 
was 7.3 m long followed by a working mobile-bed section with a length of 
approximately 6.1 m in which the bridge model was placed. Templates were utilized 
to reproduce the channel bathymetry. The embankment model was constructed as an 
erodible fill with rock riprap protection in order to reproduce the influence of erosion 
of the end roll on the abutment and pier scour in the region of the toe of the 
embankment (Ettema et al. 2006). The erodible embankment was carefully 
compacted by hand and covered with rip rap before putting the removable model 
roadway and bridge deck in place. This approach was successful in maintaining the 
general integrity of the embankment during overtopping as was observed in the 
prototype. 
The water supply to the flume was provided from a large constant-head tank 
through a 30.5 cm diameter pipe that can deliver a maximum discharge of 0.3 m 3/s to 
the head box of the flume . In the supply pipe, discharge was measured by a magnetic 
flow meter with an uncertainty of ±O.OOI m3/s. A flow diffuser, overflow weir, and 
baffles in the flume head box produced stilling of the inflow and a uniform flume 
inlet velocity distribution . A flap tailgate controlled the tailwater elevation. 
Approach velocities were measured with a SonTek 16 MHz acoustic Doppler 
velocimeter (AD V) that was attached to an instrument carriage. A 3D down-looking 
probe was used to measure velocity profiles across the deeper portions of the cross 
section while a 2D side-looking probe was selected to measure velocity profiles in the 
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shallow floodplain areas. The water depth and bed elevations before and after 
scouring were measured by a point gauge and the ADV with an uncertainty of ±I 
mm. The sampling frequency of the ADV was chosen to be 25 Hz with a sampling 
duration of 2 minutes at each measuring location. 
Each of the pier bents consists of two in-line rectangular columns having a 
width, b, of 0.91 m. Abutment or end bents were also modeled and buried in the 
erodible embankment which was protected by rock riprap. The bridge deck was made 
removable for scour measurements. The mobile bed sediment was a uniform sand 
with d50 = 0.53 mm. Further details on the experimental setup and the modeling 
methodology can be found in Lee et al. 2004, Hong et al. 2009, Lee and Sturm 2009. 
EXPERIMENTAL PROGRAM 
Experimental conditions for Runs 10-14 are summarized in Table 1. 
Preliminary HEC-RAS modeling indicated that the maximum velocity under the 
bridge in the left floodplain would occur at Q = 1275 m3/s with subsequent increases 
in discharge contributing primarily to overtopping relief. On the other hand, 
submerged orifice flow was observed to occur first at Q = 1048 m3 Is as Q increased. 
Experimental Runs 10 and 14 were conducted at Q = 1048 m3 Is with the same 
tailwater elevation but with and without the bridge deck in place in order to compare 
submerged orifice flow and free surface flow . The discharge was increased to 1275 
m
3 Is in Run 11 to consider the case of initial overtopping with a shallow flow depth 
on the deck. In Run 14, discharge was increased to 1472 m3/s for deeper overtopping 
and then compared with free surface flow at the same discharge in Run 13 by 
removing the deck. In each case, the tail water appropriate to the given discharge was 
set to coincide with the field tailwater rating curve. 
Table 1. Experimental conditions 
(Q =discharge, Vim = mean approach flow velocity in main channel, Vem =critical 
velocity in main channel, ~ / = mean approach flow velocity in floodplain, 
Vel =critical velocity in floodplain, W.S.d = water surface elevation downstream of 
brid~e2 
Run 
Q VIlli Vcm ~ VI I Vel VI I W.S·d Condition (m3/s) (m/s) (m/s) Vcm (m/s) (m/s) Vel (m) 
10 1,048 0.98 2.44 0.402 0.75 2.26 0.333 134.29 Submerged 
orifice flow 
14 1,048 0.98 2.44 0.402 0.75 2.26 0.333 134.29 Free flow 
11 1,275 1.00 2.49 0.402 0.83 2.31 0.359 134.47 Overtopping flow 
12 1,472 1.05 2.48 0.425 0.90 2.31 0.390 135.93 Overtopping flow 
13 1,472 1.05 2.48 0.425 0.90 2.31 0.390 135.93 Free flow 
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EXPERIMENTAL RESULTS 
The velocity distribution at the approach flow section is shown in Figure 3 for 
Run 10 in submerged orifice flow. The velocities are higher in the main channel than 
the floodplain as expected for an overbank flow, but the relative difference decreases 
as the discharge increases as observed in Table I by comparing VIlli and VII 
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Figure 3. Measured velocity distribution in main channel and 
floodplain at bridge approach section for Run 10. 
For each experimental condition, the scour experiments were run continuously 
for approximately five days to reach equilibrium. At the end of the scour experiment, 
the bed elevations were measured at six cross sections from the upstream to the 
downstream face of the bridge. The bed elevation data were adjusted to remove local 
pier scour (Hong et al. 2006), and the average floodplain elevation at each cross 
section was computed and plotted as a function of the streamwise coordinate through 
the bridge as shown in Figure 4. For both free-surface flow and submerged orifice 
flow with and without overtopping, the average floodplain contraction component of 
abutment scour increases with the streamwise coordinate through the bridge. The 
maximum value occurs near the second pier for free surface flow (Runs 13 and 14), 
while for submerged flows (Runs 10 and 12) it is located immediately downstream of 
the bridge, although a value similar to the maximum also occurs for overtopping flow 
at a distance of approximately 60 percent of the flow distance through the bridge. It is 
also clear from Figure 4 that submergence and overtopping add a significant 
increment of scour to the free- surface flow cases which include only the lateral 
contraction effect of the embankment. The largest mean floodplain scour depths 
through the bridge are observed for Run 12 at the maximum flow rate with 
overtopping. 
The mean floodplain flow depth under the bridge after scour was obtained 
from a spatial integration of the bed profiles in Figure 4 relative to the water surface 
elevation. The mean depth values are given as Y2jc in Table 2 and nondimensionalized 
in terms of the approach flow depth on the floodplain, Y lj. The value of Y2jc represents 
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Figure 4. Mean floodplain bed elevations under the 
bridge after pier scour adjustment 
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a mean contraction/abutment scour depth on the floodplain caused by lateral flow 
contraction due to the floodplain flow being blocked by the embankment and forced 
through the bridge opening, and by vertical flow contraction in the case of 
submergence and overtopping. In addition to Y2!e, the local maximum flow depth 
Y2finax was determined after removal of the local pier scour from the bed elevation 
data and is reported in Table 2. The excess of Y2fin"x relative to Y2!c is the local scour 
contribution to abutment scour that can be attributed to the turbulence structures 
induced by flow separation including the horseshoe vortex and shear zone vortices 
around the nose of the abutment. 
The dimensionless scour ratios Y2ji'/YI! and Y2!m{uIYI! from Table 2 are plotted 
in Figure 5 as a function of VI}IV'J, which is the ratio of the approach flow velocity in 
the floodplain to the critical velocity for sediment motion. For both the maximum and 
mean values of Y21YI there is an increase in going from submerged orifice flow to a 
minor overtopping flow (Run 11) followed by a decrease at the larger overtopping 
depth and flow as VI/Ve! increases. The minor overtopping flow is insufficient to 
provide relief from the submerged orifice flow passing through the bridge so the 
scour increases, but as the proportion of the flow that is overtopping increases at the 
larger overtopping flow rate, there is a corresponding decrease in scour depth through 
the bridge. The maximum abutment scour ratio is approximately a constant of 1.2 
times the contribution of the contraction scour ratio to abutment scour; that is 
(I) 
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Table 2. Experimental results for mean and maximum flow depths after scour 
(Q =discharge, V; / =approach flow velocity in floodplain, Vcr =critical velocity m 
floodplain, ~ / = approach flow depth in floodplain , Y2/c = mean contraction flow 
depth under bridge after pier scour adjustment, Y2/ mlX = flow depth at point of 
maximum abutment scour) 
~ / 
(m) (m) (m) 
10 1,048 0.333 5.126 7.312 9.040 1.426 1.763 
14 1,048 0.333 5.126 6.410 7.855 1.250 1.532 
11 1,275 0.359 5.906 9.894 12.116 1.675 2.052 
12 1,472 0.390 5.946 9.339 11.083 1.571 1.864 
13 1,472 0.390 5.946 7.861 9.153 1.322 1.539 
2.2 
1.8 f\ 
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Figure 5. Maximum and mean relative flow depth ratios after 
scour for submerged and overtopping flow vs. free-surface flow 
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In other words, Eq. I states that the maximum abutment scour is a mUltiple of 
the mean flow-contraction contribution. Eq. I also holds for the maximum and mean 
depth ratios for the free- surface flow cases shown in Figure 5. The ratio of 1.2 in Eq. 
I is not necessarily expected to be a constant because this study considers only a 
fixed embankment length with a relatively small variation in the degree of flow 
contraction; rather, it is a confirmation that total abutment scour can be considered a 
multiple of contraction scour effects instead of an addition of local and contraction 
scour components that are incorrectly assumed to be independent. In this analysis, it 
is the actual contraction scour used as a reference value for abutment scour rather 
than the idealized long contraction scour. Finally, it can be observed in Figure 5 that a 
comparison of the mean depth ratios for submerged and overtopping flows with those 
for free- surface flows indicates a significant amount of additional scour caused by 
vertical flow contraction due to submergence and overtopping relative to lateral flow 
contraction in free-surface flow. 
The location of the maximum abutment scour was found to be opposite the 
downstream edge of the abutment face between the first two pier bents starting from 
the embankment toe; that is , it was under the bridge deck. Its location was fairly 
consistent for all three types of flow considered in this study. Further research is 
continuing on this aspect of the problem. 
CONCLUSIONS 
A physical model study of inundation of a bridge embankment that terminates 
in the floodplain of a compound channel showed that lateral flow contraction, vertical 
flow contraction, and local turbulence effects all contribute to scour in the vicinity of 
the abutment. Scour at first increased in transitioning from submerged orifice flow to 
mild deck submergence but then decreased as the degree of submergence became 
more pronounced. This suggests that scour design procedures should include 
consideration of several overtopping cases in addition to submerged orifice flow. 
Using the procedures described in this paper, abutment scour is shown to be a 
combination of lateral and vertical flow contraction effects in addition to local scour 
influences and can be computed as a multiple of the contraction component of scour 
in the cases of submerged and overtopping flows as well as free-surface flows. 
Additional data are needed to confirm this relationship for a wider range of 
embankment lengths and flow contraction ratios. 
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